Synthesis and Application of Redox-Responsive Hyperbranched Polyglycerols by Park, Haeree
  
저작자표시-비영리-변경금지 2.0 대한민국 
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 
l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  
다음과 같은 조건을 따라야 합니다: 
l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  
l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  
저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  
Disclaimer  
  
  
저작자표시. 귀하는 원저작자를 표시하여야 합니다. 
비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 
변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 
Master’s Thesis 
 
Synthesis and Application of Redox-Responsive 
Hyperbranched Polyglycerols 
 
 
 
 
 
 
 
 
 
Haeree Park 
 
Department of Chemical Engineering 
 
Graduate School of UNIST 
 
2018 
[UCI]I804:31001-200000000884
1 
 
 
Synthesis and Application of Redox-Responsive 
Hyperbranched Polyglycerols 
 
 
 
 
 
 
 
 
Haeree Park 
 
Department of Chemical Engineering 
 
Graduate School of UNIST 
 
 
 
 
2 
 
 
Synthesis and Application of Redox-Responsive 
Hyperbranched Polyglycerols 
 
 
 
A thesis/dissertation 
submitted to the Graduate School of UNIST 
in partial fulfillment of the 
requirements for the degree of 
Master of Engineering 
 
 
Haeree Park 
 
11/ 20/ 2017 
Approved by 
 
 
 
 
3 
 
 
Synthesis and Application of Redox-Responsive 
Hyperbranched Polyglycerols 
 
 
Haeree Park 
 
 
This certifies that the dissertation of Haeree Park is approved.  
 
11/ 20/ 2017 
                   
 
 
4 
 
Abstract 
 
Hyperbranched polyglycerols (hbPGs) are one of the most popular hyperbranched 
polymers. Similar to its polyether analogue, poly(ethylene glycol) (PEG), hbPG exhibits 
excellent immunogenicity and biocompatibility. Moreover, PGs have attracted significant 
attention as promising candidates for biomedical applications including drug delivery carriers, 
such as nanogels. To be specific, nanogels are actively investigated as a popular platform for 
advanced biomedical applications owing to their unique advantages that combine the 
characteristics of hydrogels and nanoparticles. For these purpose, a self-cross-linked hbPG 
nanogels are developed. 
In this thesis/dissertation, we cover the subject of “Synthesis of Redox-Responsive 
Hyperbranched Polyglycerols and Their Applications”. First of all, the overview of the hbPG 
research and stimuli-responsive nanogel is given in part 1. After that, researches on “Redox-
degradable hbPG and their degradation” and “Reduction triggered self-cross-linked hbPG 
nanogel” will be presented in part 2 and 3, respectively. 
  
5 
 
Contents 
List of Figures 
List of Schemes 
List of Tables 
 
Part 1. Introduction of Hyperbranched polyglycerol and biodegradable nanogels 
1. Hyperbranched polyglycerol .............................................................................................. 14 
2. Polyglycerol with various polymer architectures and functionalities ........................... 17 
2.1. Redox-active polymer ................................................................................................ 21 
3. Applications of hb PG.......................................................................................................... 23 
3.1. Biomedical application ............................................................................................... 23 
4. Definition and synthetic method of nanogel ..................................................................... 25 
5. Self-cross-linked nanogels .................................................................................................. 28 
5.1. Various stimuli – temperature, light, pH and redox ................................................ 28 
5.2. Control variations – size, surface functionality, hydrophilic/hydrophobic balance, 
and drug loading capacity............................................................................................ 31 
6. Applications of nanogels...................................................................................................... 33 
6.1. Biomedical application ............................................................................................... 33 
    Reference .................................................................................................................................... 35 
 
Part 2. Architecture-Controlled Synthesis of Redox-Degradable Hyperbranched 
Polyglycerol Block Copolymers and the Structural Implications of Their Degradation 
1. Introduction .......................................................................................................................... 38 
2. Experimental section ........................................................................................................... 41 
2.1. Materials ....................................................................................................................... 41 
2.2. Characterization ........................................................................................................... 41 
2.3. Synthesis of SSG (Monomer) ..................................................................................... 41 
2.4. Synthesis of P(G-b-SSG) block copolymer .............................................................. 41 
2.5. Polymer degradation ................................................................................................... 42 
2.6. Cytotoxicity assay ....................................................................................................... 43 
2.7. Polymer Degradation...................................................................................................... 43 
2.8. Cytotoxicity Assay....................................................................................................... 43 
6 
 
3. Results and discussion ......................................................................................................... 44 
3.1. Synthesis of Hyperbranched Block Copolymers...................................................... 44 
3.2. Degradation Study of Two Types of Hyperbranched Block Copolymers ............ 52 
3.3. Biocompatibility Test .................................................................................................. 56 
3.4. Conclusion .................................................................................................................... 58 
Reference .................................................................................................................................... 59 
 
Part 3. Reduction Triggered Self-Cross-Linked Hyperbranched Polyglycerol Nanogels 
1. Introduction ........................................................................................................................... 61 
2. Experimental section............................................................................................................ 63 
2.1. Materials........................................................................................................................ 63 
2.2. Characterization ........................................................................................................... 63 
2.3. Synthesis of 2-{2-[2-(Oxiran-2-Ylmethoxy)Ethyl]Disulfanyl}Ethanol (SSG  
Monomer), (PSSG Homopolymer) and (P(G-co-SSG) Copolymer) ..................... 63 
2.4. In situ Formation of Redox Sensitive Nanogels......................................................... 64 
2.5. Nanogels Encapsulated with Hydrophobic Nile Red................................................ 64 
2.6. Release of Encapsulated Nile Red from Nanogel...................................................... 65 
2.7. Nanogel Encapsulated with Dox.................................................................................. 65 
2.8. In Vitro Cell Cytotoxicity............................................................................................. 65 
2.9. Cellular Uptake of Nanogels........................................................................................ 65 
2.10. Preparation of FITC-β-Galactosidase and Dox-loaded Nanogels ........................ 66 
2.11. Confocal Analysis of FITC-labeled β-Galactosidase-loaded Nanogels .............. 66 
2.12. Activity Assay of β-Galactosidase Loaded in Nanogels (X-gal Staining) .......... 66 
3. Results and discussion.......................................................................................................... 68 
3.1. Synthesis and Characterization of polymer and nanogel......................................... 68 
3.2. Size controllable NGs with varying amount of DTT................................................ 71 
3.3. Release Kinetics of therapeutics from NGs............................................................... 75 
3.4. In vitro cell viability and CLSM images.................................................................... 77 
3.5. Co-delivery efficacy of the drug loaded NGs in vitro.............................................. 79 
4. Conclusion ............................................................................................................................ 81 
Reference ..................................................................................................................................... 82 
 
7 
 
List of Figures 
[Part 1] 
Figure 1. Scheme for hyperbranched polyglycerols synthesis using anionic ring-opening 
polymerization. 
 
Figure 2. Synthetic pathway of hyperbranched polyglycerol via base-catalyzed ring-opening 
polymerization using glycidol. 
 
Figure 3. Modular system for the synthesis of hyperbranched polyether polyols and respective 
derivatives. 
 
Figure 4. PGs with (a) citric acid initiator, (b) alkyne-functionalized anions such as sulfonates, 
carboxylates, phosphonates, and bisphosphonates, (c) silicon nanoparticles as single focal 
group for green synthesis, synthesis of dendritic polyglycerol anions, and bioimaging probe, 
respectively. 
 
Figure 5. (a) Redox-sensitive polyphosphate micelles delivered drugs into the nuclei of tumor 
cells. (b) Schematic diagram of mPEG-PBLG-SS-DTXs micelles self-assembly, endocytosis 
by tumor cells, as well as the redox-triggered drug release. (c) Rationally designed redox-
sensitive protein hydrogels with tunable mechanical properties. (d) Synthesis of self-assembly 
micelles using ferrocene-containing amphiphilic homopolymers. 
 
Figure 6. (a) Illustration of biomedical application areas disclosed for hyperbranched PG. (b) 
Noncovalent conjugation of avidin with 2-(4-hydroxyphenylazo)benzoic acid (HABA) and 
subsequent displacement by the biotinylated polymer. (c) Illustration of drug-polymer 
conjugate of doxorubicin conjugated poly(ethylene oxide)-hb-PG and its self-assembled 
micelle formation for the pH-responsive intracellular release of anti-cancer drug. (d) Fullerene 
polyglycerol amphiphiles as unimolecular transporters. 
 
Figure 7. Synthetic pathways towards pure PG-µ-gel and surface functionalized PG-µ-gel 
particles: a) cyclohexane/DMSO/block copolymer, sonication-initiated miniemulsion 
formation 4 * 1 min; b) p-TSA (cat.), 115 °C, 16 h; c) p-TSA (cat.), 115 °C, varied reaction 
8 
 
time (Table 2); d) NaN3, DMF, 60 °C, 24 h; e) propargyl derivative, CuSO4·5H2O, sodium 
ascorbate, H2O, 24 h. 
 
Figure 8. Scheme for synthesis of nanogel by emulsion polymerization a) with emulsion, b) 
without emulsion c) cross-linking of amphiphilic block copolymer in shell or core of the 
micelles in water. 
 
Figure 9. (a) Images of disulfide containing hyperbranched polymer crosslinking after heating 
and in un-crosslinked state on keeping at low temperature. (b) Chemical structure and 
illustration of a light-sensitive cholesteryl pullulan nanogel. (c) The effect of structural 
variations in acetal- and ketal-based linkers upon their degradation kinetics (d) Illustration of 
in situ forming reduction-sensitive nanogels for facile loading and triggered release of proteins.  
 
Figure 10. (a) Scheme for the preparation of biodegradable nanogels with surface modification. 
(b) Scheme for the synthesis of size-controllable PSSG nanogels with different amounts of 
DTT. (c) Selective release of hydrophobic and hydrophilic therapeutics from various 
responsive nanogels upon different stimuli. 
 
Figure 11. (a) Nanogel-cross-linked thin films for adhesion proteins and cytokines (b) 
Preparation of NRP+I and schematic illustration of chemo-immunotherapy. (c) Schematic 
illustration of CXCR4-targeted Dox delivery by bio-reducible dextrin nanogel in metastatic 
breast cancer. 
 
[Part 2] 
Figure 1. Synthetic pathway and degradation structure of two types of redox-degradable 
hyperbranched block copolymers; (a) shell-degradable P(G-b-SSG) and (b) core-degradable 
P(SSG-b-G). 
 
Figure 2. 1H NMR spectra before and after addition of the second monomer to confirm the 
successful synthesis of the hyperbranched block copolymers of (a) P(G130-b-SSG80) and (b) 
P(SSG30-b-G100). 
 
9 
 
Figure 3. DSC curves for PG130 (blue), P(G130-b-SSG80) (sky blue), P(SSG30-b-G100) (yellow), 
PSSG30 (red), and a simple blend of PG150 and PSSG50 homopolymers (green). Star marks 
indicate the glass transition temperatures (Tg) for each polymer. 
 
Figure 4. Schematic degradation structure of PSSG polymers and the corresponding GPC 
traces of (a) P(G130-b-SSG80), (b) PSSG30, (c) P(SSG30-b-G50), and (d) P(SSG30-b-G100) before 
(black curve) and after (red curve) degradation. 
 
Figure 5. 1H NMR spectra of PSSG30 homopolymer and detailed assignments of the respective 
protons giving rise to these signals. 
 
Figure 6. In vitro cell viability assays of PSSG30 (black), P(SSG30-b-G50) (dark grey), P(SSG30-
b-G100) (grey), and P(G130-b-SSG80) (white) polymers determined by MTT assay using (a) WI-
38 (normal cell) and (b) HeLa (cancer cell). 
 
[Part 3] 
Figure 1. Synthetic scheme for the PSSG polymer and in situ formation of degradable nanogels 
through thiol–disulfide exchange and disulfide exchange chemistry (marked with blue arrows) 
between inter- and intra-molecular chains upon treatment with DTT. Other chains are not 
depicted for clarity. Green circle represents the basic unit for the formation of the PSSG 
nanogel. 
 
Figure 2. (a) Scheme for the synthesis of size-controllable PSSG nanogels with different 
amounts of DTT. (b) Representative AFM images of nanogels (NGs) prepared from PSSG30 
homopolymer (polymer 2) and P(G10-co-SSG12) copolymer (polymer 3) with 10 and 50 mol % 
of DTT.  
 
Figure 3. Hydrodynamic diameter (Dh) of NGs prepared from P(G10-co-SSG12) copolymer 
(polymer 3) with varying degrees of DTT treatment. Note that the Dh of the initial P(G10-co-
SSG12) copolymer (green) is determined to be only 2 nm. 
 
Figure 4. Release profile of Nile red from NGs with different cross-linking densities. Note that 
10 
 
the shaded time points represent treatment of the Nile red-loaded NGs with additional DTT for 
an active delivery mode. 
 
Figure 5. (a) In vitro cell viability assay of plain NG4 (black) and Dox-loaded NG4 (red). (b) 
CLSM images of HeLa cells incubated with Dox-loaded NG4 for 6 h (top panel) and 24 h 
(bottom panel). Each channel corresponds to the fluorescence of DAPI for cell nucleus and 
Dox for drug delivery. Scale bar is 20 μm. 
 
Figure 6. (a) CLSM images of HeLa cells incubated with NG4 loaded with both Dox and the 
FITC-labeled β-galactosidase (FITC-β-gal). Each channel corresponds to the red color of Dox, 
the green for FITC-β-gal, and the blue Hoechst stain in the cell nucleus. (b) X-gal activity assay 
of delivered β-gal into HeLa cells using NG4. Control samples of free cells and β-gal only. 
Note that the free cells indicate the X-gal activity due to the presence of internal β-gal in the 
lysosome. Scale bar is 10 μm. 
  
11 
 
List of Schemes 
[Part 2] 
Scheme 1. Degradation structure depending on the type of polymers. 
  
12 
 
List of Tables 
[Part 2] 
Table 1. Characterization data for all homo- and copolymers synthesized in this study. 
Table 2. Characterization data for the side reactions of PSSG-based copolymers. 
 
[Part 3] 
Table 1. Characterization data of polymers used in this study. 
Table 2. Characterization data of nanogels prepared in this study. 
  
13 
 
Part 1. Introduction of Hyperbranched polyglycerol and biodegradable nanogels 
 
1. Hyperbranched polyglycerol 
Hyperbranched polymer is a kind of dendritic macromolecules with random branch-on-
branch topology.1 This polymer has a densely branched structure and a number of terminal 
groups. Hyperbranched polyglycerol can be accessible in a one-step synthesis via ring-opening 
multi-branching polymerization (ROMBP) of glycidol which is extremely reactive epoxide 
under slow monomer addition (SMA) reaction. Based on the SMA method, Frey group 
succeeded the polymerization of the glycidol in 1999.2-4 A schematic illustration of 
hyperbranched polyglycerol is shown in Figure 1.5 Moreover, functional core can be easily 
changed and hydroxyl group can be modified into various types of polymers by introducing 
new multihydroxy-functional group. 
Hyperbranched polyglycerols with controlled molecular weights have been prepared via 
anionic polymerization of glycidol with rapid cation-exchange equilibrium. Furthermore, it 
allows them to prevent broad molecular-weight distribution of random ABm-type 
polycondensation. Brooks and co-workers observed the formation PG which has a high 
molecular weight with very narrow dispersion using dioxane in 2006.6 The method can provide 
PG with high molecular weight which is significant for various applications. Synthetic process 
is followed by initiator formation, initiation/propagation, intramolecular transfer and 
intermolecular transfer as shown in Figure 2.5 In this procedure, glycidol is slowly added into 
the solution which contained trifunctional core-initiator. During the polymerization, the 
primary and secondary alcohols chain ends can grow at the same time, resulting in a branched 
structure due to the extremely fast proton exchange. 
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Figure 1. Scheme for hyperbranched polyglycerols synthesis using anionic ring-opening 
polymerization. Reprinted with permission from Acc. Chem. Res. 2010, 43, 129–141. 
Copyright 2010 American Chemical Society. 
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Figure 2. Synthetic pathway of hyperbranched polyglycerol via base-catalyzed ring-opening 
polymerization using glycidol. branched (“dendritic”, D) units, linear units (L), and end groups 
(“terminal units”, T). Reprinted with permission from Acc. Chem. Res. 2010, 43, 129–141. 
Copyright 2010 American Chemical Society. 
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2. Polyglycerol with various polymer architectures and functionalities 
The overview in Figure 3 shows the versatile synthetic strategy of PG or polyether polyol and 
the other functional epoxide comonomers.7 The first site (I) which can be modulated is initiator 
as various functional molecules. The second site (II) is enormous kind of epoxide monomers 
can be easily tuned with various molecules and polymerized in a block or random manner. The 
third site (III) which is further modification of the polyether polyol or PG resulting in new 
functions and properties. After all, it can be applied in many fields such as biomedical 
application, support for catalysts, and polymer electrolyte. These three sites will be covered 
below.  
The synthesis of hyperbranched polyglycerol with various functional core units and 
modification of epoxide monomer is an important approach because it leads to gain the specific 
properties of PGs such as solubility, particle size, biocompatibility and fluorescent probe. The 
core initiator must have hydroxyl group for initiation reaction and suitable initiator should be 
used to maintain strict oxyanionic polymerization condition. Moreover, there are various 
synthetic methods to adjust the hydroxyl group of the PG backbone. The hydroxyl groups can 
be ornamented in a variety of functional groups. In recent years, there are some development 
to decorate initiator and monomer for functional PGs.8-10  
Haag group developed a new method for the cationic polymerization of glycidol by citric acid 
at natural and solvent-free conditions.11 Citric acid is a proton donor and can be contained in 
the structure of polyglycerol by reaction with the activated monomer. Organic solvents or other 
reagents have not been used in the synthetic processes aside from citric acid, glycidol, and 
water. Taking advantage of the green synthesis, biocompatibility of polyglycerol and ability to 
use the polyglycerol with citric acid is a promising candidate in biomedical application fields 
in Figure 4a. 
In 2011, Haag group also reported synthesis of polyanionic molecules according to 
hyperbranched polyglycerol.12 Moreover, the synthesis of dendritic polyglycerol was 
performed through a direct hydroxyl group interconversion. The order of efficiency of L-
selectin inhibition is followed by carboxylate < phosphate < phosphonate ≈ sulfonate < 
bisphosphonate < sulfate in Figure 4b.  
In 2014, Jana group reported surface modification approach for fluorescent silicon 
nanoparticle.13 This nanoparticle can transform hydrophobic nanoparticle into water-soluble 
nanoparticle of high colloidal stability. They conducted a ring-opening polymerization of 
17 
 
glycidol at the hydroxyl-terminated nanoparticle surface, then results in hyperbranched 
polyglycerol grafted silicon nanoparticle. This silicon nanoparticle-based fluorescent probe can 
be used for in vitro/in vivo bioimaging applications in Figure 4c.  
18 
 
 
 
 
 
 
 
 
Figure 3. Modular system for the synthesis of hyperbranched polyether polyols and respective 
derivatives. Reprinted with permission from Mol. Biotechnol. 2002, 90, 257–267. Copyright 
2002 Springer. 
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Figure 4. PGs with (a) citric acid initiator, (b) alkyne-functionalized anions such as sulfonates, 
carboxylates, phosphonates, and bisphosphonates, (c) silicon nanoparticles as single focal 
group for green synthesis, synthesis of dendritic polyglycerol, and bioimaging probe, 
respectively. Reprinted with permission from (a) ACS Macro Lett. 2017, 6, 35–40, (b) 
Biomacromolecules 2011, 12, 2502–2511, (c) ACS Appl. Mater. Interfaces 2014, 6, 4301–4309. 
Copyright 2011, 2014, 2017 American Chemical Society. 
 
  
20 
 
2.1. Redox-active polymer 
Stimuli-degradable PGs and its monomer are recently developed by many research groups. 
Especially, redox-responsive polymer has recently emerged as an important area. For example, 
disulfide or ferrocene functionalities as a redox sensitive linkage can be attached to epoxy 
monomer for synthesizing redox-responsive polymer. As the advantages of using redox 
sensitive linkage into carriers, it can trigger cellular delivery applications by means of 
glutathione (GSH), one of the main reducing agents inside cells and the most abundant in the 
cytosol. In 2011, Yan group reported that novel redox-responsive polyphosphate nanosized 
assemblies based on amphiphilic hyperbranched multiarm copolyphosphates with backbone 
redox-responsive, good biocompatibility, and biodegradability simultaneously have been 
synthesized successfully. This micellar structure can be disassembled in response to reducing 
agent and result in a released therapeutic.14 Moreover, disulfide-linked amphiphilic polymer-
docetaxel conjugates assembled redox-sensitive micelles for efficient antitumor drug delivery 
are reported in 2016.15 Copolymers with different molecular weight (mPEG2000-PBLG1750 
and mPEG5000-PBLG1750) were synthesized via the ring opening polymerization (ROP) 
initiated by monoamino-terminated mPEG (mPEG-NH2). Then, the docetaxel (DTX) was 
conjugated to the block polymers through a linkage containing disulfide bond to obtain mPEG-
PBLGSS- DTXs. The obtained copolymer-drug conjugates mPEG2000-PBLG1750-SS-DTX 
could self-assemble into nanosized micelles in aqueous environment with a low critical micelle 
concentration (CMC, 3.98 μg/mL). Xia group also introduced redox-degradable hydrogels with 
controllable tunable mechanical properties.16 This hydrogel composed of recombinant silk-
elastin-like protein polymers were synthesized with various ratio of silk-to-elastin blocks. 
These polymers also contained redox-sensitive linkage of a highly polar model drug from the 
hydrogels in vitro. The resulting hydrogels with tunable mechanical properties and redox-
sensitive features may be potentially useful as biomaterials with various applications such as 
drug delivery and tissue engineering. Huang group introduced self-assembly of homopolymers 
containing carboxyl functionalities and ferrocene in 2013.17 Three new acrylamide monomer 
composed tert-butyl ester groups and ferrocene were prepared through multistep nucleophilic 
substitution reaction followed by reversible addition−fragmentation chain transfer (RAFT) 
homopolymerization. Large compound micelles from amphiphilic homopolymers were formed 
with different morphologies. 
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Figure 5. (a) Redox-sensitive polyphosphate micelles delivered drugs into the nuclei of tumor 
cells. (b) Schematic diagram of mPEG-PBLG-SS-DTXs micelles self-assembly, endocytosis 
by tumor cells, as well as the redox-triggered drug release. (c) Rationally designed redox-
sensitive protein hydrogels with tunable mechanical properties. (d) Synthesis of self-assembly 
micelles using ferrocene-containing amphiphilic homopolymers. Reprinted with permission 
from (a) Biomacromolecules 2011, 12, 2407–2415, (b) Biomacromolecules 2016, 17, 1621–
1632, (c) Biomacromolecules 2016, 17, 3508–3515, (d) Langmuir 2013, 29, 10922–10931. 
Copyright 2011, 2013, 2016 American Chemical Society. 
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3. Applications of hyperbranched PG 
3.1. Biomedical applications 
The best motivation of the significant interest to PGs is various synthetic routes to their 
derivatives and their excellent biocompatibility. Brooks groups demonstrate that 
biocompatibility testing of hyperbranched PGs conducted in vitro as well as in vivo.18 Results 
from these studies show that PGs are not only highly biocompatible but also were found to be 
well tolerated by mice even when injected in high doses. From this study, hbPG and their 
derivatives could attract increasing interests for drug-delivery, macromolecular therapeutics, 
and other biomedical applications. Moreover, hbPG is very promising candidate as drug 
delivery carrier due to its many hydroxyl groups, which can give many possibilities for 
modification with other functional groups and biomolecules. Frey group also introduce major 
potential field of PG for biomedical application such as human serum albumin substitute, and 
alternatives to heparin as an injectable anticoagulant (Figure 6a).19 To be more specific, Frey 
group also synthesize and noncovalently conjugate avidin with 2-(4- 
hydroxyphenylazo)benzoic acid (Figure 6b).20 In 2012, our group report polyglycerol system 
conjugated anti-cancer drug for drug delivery (Figure 6c).21 To be more specific, we 
synthesized well-defined hyperbranched double hydrophilic block copolymer of poly- 
(ethylene oxide)-hyperbranched-polyglycerol (PEO-hb-PG) to progress an efficient drug 
delivery system. This polymer demonstrates the efficient conjugation of hydrophobic 
doxorubicin and enhancement of targeting capacity to the tumor cell. In addition, we confirmed 
the rapid release of doxorubicin via the cleavage of hydrazone bonds under the acidic condition 
and its significant cytotoxicity to cancer cell. In 2017, Haag group investigated solution 
behavior, encapsulation and release properties, biocompatibility, and cellular uptake pathways 
of fullerene-polyglycerol amphiphiles with defined structures.22 Owing to their unique 
properties and structure, water-soluble fullerene derivatives are of great interest for various 
biomedical applications. Conjugation of a pH-sensitive dye to the fullerene-polyglycerol 
amphiphiles as a probe showed that their self-assemblies are taken up through endocytotic 
pathways. Release of encapsulated hydrophobic dyes from fullerene-polyglycerol amphiphiles 
strongly depends on the number of their branches. Taking advantage of fullerene-polyglycerol 
amphiphiles, such as water solubility, biocompatibility, and transfer-ability, it might be used 
as unimolecular carriers for future biomedical purposes (Figure 6d). 
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Figure 6. (a) Scheme for biomedical application areas revealed for hbPG. (b) Scheme of 
conjugation avidin with 2-(4-hydroxyphenylazo)benzoic acid and Check the amount of avidin 
using UV. (c) Illustration of drug-polymer conjugate of doxorubicin conjugated poly(ethylene 
oxide)-hb-PG and its self-assembled micelle formation for the pH-responsive intracellular 
release of anti-cancer drug. (d) Fullerene polyglycerol amphiphiles as unimolecular 
transporters. Reprinted with permission from (a) Acc. Chem. Res. 2010, 43, 129–141, (b) J. Am. 
Chem. Soc. 2009, 131, 7954–7955, (c) Biomacromolecules 2012, 13, 1190–1196, (d) Langmuir 
2017, 33, 6595–6600. Copyright 2009, 2010, 2012, 2017 American Chemical Society. 
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4. Definition and synthetic method of nanogel 
Nanogels are nano-sized hydrogels with three dimensional structures of polymer. In general, 
cured nanogels are chemically obtained under dilute conditions with cross-linking reaction of 
hydrophilic polymers which are altered with various function like thiol and vinyl groups. 
Moreover, nanogels are actively developed as promising platforms for advanced biomedical 
applications due to the unique advantages that combine the characteristics of hydrogels and 
nanoparticles.23-25 Nanogel can be synthesized with fuctionalized hbPG, so they developed a 
simple method to synthesize nanogels with polyglycerol composition based upon acid-
catalyzed polyaddition of commercially available starting materials such as the triol glycerol 
(1), and the trisepoxide, glycidyl glycerolether (2) (Figure 7).26 This size of nanogel can be 
controlled around 25~350 nm. 
Nanogels can be synthesized and polymerized in the core of oil-in-water (O/W) nano or 
microemulsion. To synthesize nanogels having well-defined bulk, microemulsion 
polymerization approaches has been generally utilized (Figure 8a).27 Inverse microemulsion 
polymerization with water-in-oil (W/O) emulsions has lately received enormous interest 
(Figure 8b). Moreover, hydrophilic therapeutics such as enzymes or anticancer drugs were 
easily encapsulated into nanogels using these methods. Stable nanogels having narrow size 
distribution can be also synthesized by self-cross-linking of the hydrophobic/hydrophilic 
polymer network within the core or shell (Figure 8c). Moreover, chemical self-cross-linking 
methods have been recently advanced, for example, nanogels which is redox-responsive can 
be synthesized through disulfide-thiol exchange and new disulfide bonds formation as 
crosslinking sites. More recently, star-like nanogels were introduced, and dynamic covalent 
bond exchange reactions can occur for cross-linking of the core between two different block 
copolymers. 
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Figure 7. Polyol and polyepoxide monomers used in the miniemulsion polyaddition 
preparation of polyglycerol nanogel derivatives with the general structure are shown. Reprinted 
with permission from Soft Matter 2010, 6, 4968–4975. Copyright 2010 Royal Society of 
Chemistry. 
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Figure 8. Scheme for synthesis of nanogel by emulsion polymerization. a) with emulsion, b) 
without emulsion and c) cross-linking of amphiphilic block copolymer in shell or core of the 
micelles in water. Reprinted with permission from Chem. Rec. 2010, 10, 366–376. Copyright 
2010 Wiley Online Library. 
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5. Self-cross-linked nanogels 
5.1. Various stimuli – temperature, light, pH and redox 
Micro- and nanogels can be assembled or disassembled under biological and external stimuli, 
such as temperature, light, pH, and redox. There are several strategies to synthesize micro- and 
nanogels with crosslinking reaction.24 
First of all, covalent crosslinking can be easily occurred when synthesizing nanogel through 
various processes such as radical polymerization, click chemistry (thiol-ene, michael addition, 
copper-free), thiol-disulfide exchange reaction, photo-induced crosslinking, and enzyme-
catalyzed crosslinking. Secondly, supramolecular crosslinking can form self-assembly based 
on diverse physical interactions, such as hydrogen bonding, hydrophobic and ionic interaction. 
Supramolecular crosslinking does not require any crosslinker during the encapsulation of drug 
unlike the covalent crosslinking approach. 
Moreover, nanogels are assembled or disassembled with cleavable covalent crosslinking, for 
example, acid-cleavable, redox cleavable, photo cleavable, enzyme cleavable, reversible click 
reaction, and additive cleavable. Moreover, the stable structure of crosslinked nanogels is 
cleaved under specific condition. To date, there are many papers related to these several 
strategies to synthesize micro- and nanogels. In 2012, Hong group reported that bio-reducible 
nano, and microgels synthesized through temperature-responsive condition and self-
crosslinking poly(amidoamine) has been synthesized via michael addition reaction, and this is 
hyperbranched structure containing disulfide bonds.28 This hyperbranched polymer cannot be 
dissolved in methanol for 72 h and does not dissolves in methanol at 45 °C for 100 min, 
indicating that this polymer can be changed with self-crosslinking upon heating as shown in 
Figure 9a.  
A self-assembled nanogel under light-sensitive cholesteryl pullulan by using photo-labile 
units is introduced in Figure 9b.29 The film nanogel can be obtained through evaporation of 
nanogel solution. The fabrication of patterned nanogel-based materials is introduced by a light-
sensitive nanogel by cholesterol decorated with an ortho-nitrobenzyl unit on the hydroxyl 
group of pullulans. These approaches facilitate the polymer to release cholesteryl groups with 
light-responsive cleavage of the nitrobenzyl unit.  
Thayumanavan group reported recently that the effect of structural variations in acetal- and 
ketal-based linkers through degradation kinetics with various design, synthesis, and study of 
six series of molecules in Figure 9c.30 They also show that the structural fine-tuning of the 
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different linkers permits access to variations in kinetics of degradation through the systematic 
study. Following this, they studied the degradation kinetics study of polymeric nanogels that 
contains acetal or ketal moieties as cross-linking functionalities under pH-responsive variations.  
In 2013, reduction-sensitive degradable nanogels were synthesized based block copolymers 
for high loading capacity in Figure 9d.31 These copolymers were synthesized through ring-
opening polymerization with cyclic carbonate groups for controllable disulfide-cross-linked 
nanogels around 100 nm. The nanogel sizes decreased as increasing acryloyl carbonate units, 
followed by increased cross-linking density. Moreover, Fluorescein(FITC)-labeled 
cytochrome C could be encapsulated into nanogels with high loading capacities. 
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Figure 9. (a) A photograph of hyperbranched polymer which contains disulfide group 
crosslinked after heating and in uncrosslinked state at low temperature. (b) Illustration of a 
light-sensitive cholesteryl pullulan nanogel and chemical structure. (c) The effect of structural 
variations in acetal- and ketal-based linkers upon their degradation kinetics. (d) Illustration of 
in situ forming reduction-sensitive nanogels for facile loading and triggered release of proteins. 
Reprinted with permission from (a) Chem. Commun. 2012, 48, 5623–5625, (b) Chem. Commun. 
2015, 52, 1222–1225, (c) J. Am. Chem. Soc. 2017, 139, 2306–2317, (d) Biomacromolecules 
2013, 14, 1214–1222. Copyright 2012, 2013, 2015, 2017 American Chemical Society. 
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5.2. Control variations – size, surface functionality, hydrophilic/hydrophobic balance, 
and drug loading capacity 
To develop the nanogel in drug delivery system, it is challenging to control precise properties 
such as size, surface functionality, hydrophilic/hydrophobic balance, and drug loading capacity.  
It is important to control the size, cargo loading capacity, and acquire new stimuli condition 
by decorating the surface of the nanogel.24 Thayumanavan group recently reported that surface-
modified polymeric nanogels with drug encapsulation abilities.32 They targeted a disulfide 
bond which can be susceptible to reducing like glutathione (GSH) for functionalization of 
particle surface. These polymer nanoparticles demonstrated by confirming that therapeutics 
can be noncovalently conjugated into nanoparticles, the incorporated therapeutic drug can be 
released under biologically relevant stimulus (Figure 10a). Nanogel exhibited enhanced 
permeability and retention (EPR) effect by regulating the size. It is such important that nanogel 
can enter tumor cells nearby. Our group recently reported the nanogel which can be tunable in 
size and cross-linking density depending on the type of polymer (homo- or copolymer) and the 
amount of reducing agent, dithiothreitol, used in the preparation of the nanogels.33 This self-
cross-linking hbPG nanogel could be synthesized by using the thiol-disulfide exchange 
reaction based on PSSG (disulfide-containing polymer) (Figure 10b). Moreover, Wang group 
reported hydrophilic and hydrophobic cargo from nanogel can be released in response to multi-
stimuli-responsive conditions, such temperature, pH, redox and UV light. The water-soluble 
therapeutics were crosslinked to the nanogel with poly(dimethylaminoethyl methacrylate) 
(PDMAEMA) via redox degradable of disulfide bond, while hydrophobic therapeutics were 
noncovalently encapsulated into nanogels. For these dual-encapsulated nanogels, the water-
soluble therapeutics can be released in response to reducing agent, while hydrophobic 
therapeutics can be released by UV light, pH, and temperature conditions (Figure 10c).34 
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Figure 10. (a) Scheme for the preparation of biodegradable nanogels with surface 
modification. (b) Scheme for the synthesis of size-controllable PSSG nanogels with different 
amounts of DTT. (c) Selective release of hydrophobic and hydrophilic therapeutics from 
various responsive nanogels upon different stimuli. Reprinted with permission from (a) J. Am. 
Chem. Soc. 2010, 132, 8246–8247, (c) ACS Appl. Mater. Interfaces 2016, 8, 28888–28896. 
Copyright 2010, 2016 American Chemical Society. 
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6. Applications of nanogels 
6.1. Biomedical application 
Nanogels have been mostly used as one of the most promising biomedical application 
platforms due to the various advantages that have characteristics of nanoparticles and hydrogels 
together.35-37 The ability to respond to external stimuli such as temperature, redox, light, pH 
and so forth, are most attractive in area of drug delivery system. Moreover, multi-
functionalized nanogels having specificity and sensitivity were made for biomedical 
applications. As a result, biodegradable nanogels are anticipated to serve as smart nanocarriers 
and diagnostic agents for diseases in the future.  
Many scientists have been working on biomedical applications of nanogels these days. In 
2016, extracellular matrices from amphiphilic nanogel-cross-linked thin films to anchor 
adhesion enzymes are reported.38 To be specific, novel nanogel-cross-linked film constituted 
of acryloyl-decorated cholesterol-containing pullulan nanogels is synthesized by Michael 
addition reaction. The elastic property of the films can be controlled by changing the 
concentration of cross-linker. The nanogels in the films induce this absorption by loading 
proteins and acting as anchoring. As a result, NanoClik films enables to load biological proteins 
as artificial matrix (Figure 11a). Moreover, tumor microenvironment responsive nanogel for 
the combinatorial antitumor effect of chemotherapy and immunotherapy are recently reported 
in Zhang group.39 A nanogel having similar tumor microenvironment is synthesized for the 
effects of immunotherapy and chemotherapy. Nanogels which contain hydroxypropyl-β-
cyclodextrin acrylate, positive and negative chitosan derivatives for encapsulating anticancer 
drug could be controlled depending on the pH condition (Figure 11b). Furthermore, in 2017, 
Sun group reported CXCR4-targeted and redox responsive dextrin nanogel for metastatic 
breast cancer therapy.40 In this study, bioreducible crosslinked dextrin nanogel (DNG) was 
synthesize for various functions, such as inhibition of tumor metastasis, CXCR4 chemokine 
targeting, and reduction-responsive intracellular release of doxorubicin (DOX). DOX-AMD-
DNG also displayed superior anticancer activity and antimetastatic effects in vivo test. In 
conclusion, the multifunctional DOX-AMD-DNG can effectively enter the tumor site and 
simultaneously hinder cancer metastasis and progression (Figure 11c). 
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Figure 11. (a) Nanogel-cross-linked thin films for adhesion proteins and cytokines (b) 
Preparation of NRP+I and schematic illustration of chemo-immunotherapy. (c) Schematic 
illustration of CXCR4-targeted Dox delivery by bioreducible dextrin nanogel in metastatic 
breast cancer. Reprinted with permission from (a) ACS Biomater. Sci. Eng. 2016, 2, 375–384, 
(b) Nano Lett. 2017, 17, 6366–6375, (c) Biomacromolecules 2017, 18, 1793–1802. Copyright 
2016, 2017 American Chemical Society. 
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Part 2. Architecture-Controlled Synthesis of Redox-Degradable Hyperbranched 
Polyglycerol Block Copolymers and the Structural Implications of their Degradation 
 
1. Introduction 
Hyperbranched polyglycerol (PG) is one of the most popular hyperbranched polymers, 
which possess randomly branched structure with a large number of hydroxyl groups.1,2 Owing 
to their excellent immunogenicity, biocompatibility and the large number of potential sites for 
more conjugation, PGs and their derivatives have appealed increasing interests for use in 
biomedical applications like polymer therapeutics, proteomics and human serum albumin 
substitutes.3–8 Furthermore, hyperbranched PGs can be synthesized by a facile one-pot 
synthesis, even up to the kilogram scale, which guaranteed their successful development to 
industrial areas.9,10 PGs are commonly prepared by the anionic ring-opening multi branching 
polymerization of glycidol, which can lead to a wide range of craved molecular weights from 
1000 to 1,000,000 with low polydispersity. To build PGs with versatile functionality and 
diverse architectures, many functional epoxide monomers have been progressed, such as 
ethoxy ethyl glycidyl ether (EEGE), ethoxy vinyl glycidyl ether, allyl glycidyl ether (AGE).11–
18 These monomers can be copolymerized to produce PGs with various structures. For example, 
use of the protected glycidol monomer or EEGE monomer facilitate to diverse architectures 
like linear or linear hyperbranched PGs.12,13 To introduce various functionalities, Mattson et al. 
have installed AGE for the subsequent functionalization via thiol-ene click chemistry.18 
Moreover, stimuli responsive epoxide monomers can be reported to yield degradable, 
hyperbranched PGs with fancy functionality. Particularly, to fulfill the demands of developed 
applications, materials based on PG that are biocompatible yet degradable under certain 
conditions are highly valuable. In ways that, redox- degradable disulfide groups and acid-
cleavable ketal groups can be integrated into the monomer to yield a series of hyperbranched 
PGs that are degradable under certain stimuli.19–21  
 
---------------------------------------------------------------------------------------------------------------- 
Reproduced in part with permission from Son, S.; Park, H.; Shin, E.; Shibasaki, Y.; Kim, B. S. 
J. Polym. Sci. Part A Polym. Chem. 2016, 54, 1752–1761. Copyright 2016 Wiley Online 
Library.  
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Determining degradable linkage groups or moieties within the polymer is an important 
matter; moreover, the investigation of the degradation products can give insight into explaining 
the specific structure of the polymers before degradation. As a result, studies on diversities of 
degradable polymers and their products have been commonly directed (Scheme 1).22–25 
Comparing to the many kind of research on the degradation of linear polymers, there have been 
rarely systematic report on the preparation and degradation of (hyper)branched polymers, 
owing to its structural complexity. Lately, some researchers studied the degradation of 
hyperbranched and brush polymers, for instance, Engler et al. have introduced polycarbonate 
based on brush polymers containing cleavable disulfide-linked side chains and their related 
products.26 Furthermore, Rikkou-Kalourkoti et al. reported the synthesis and degradation of 
thermolyzable hyperbranched polymers containing thermolyzable acylal group.27 Our group 
has lately reported the redox-responsive hyperbranched polyglycerols (PSSG) and degradation 
of products made from the copolymerization with glycidol monomer.21 Nevertheless, the 
investigation of random copolymer system which the sequence of polymerization was not 
controlled was limited. Against the random copolymer, the location of disulfide linkage within 
the hyperbranched polymers has an important influence after the degradation. In conclusion, 
in continuation of our investigation into hyperbranched PGs for biomedical applications, we 
synthesized a series of redox-responsive hyperbranched PG-based polymers containing a 
disulfide containing monomer, 2-((2-(oxiran-2 ylmethoxy)ethyl)disulfanyl)ethan- 1-ol (SSG), 
to yield PSSG homopolymers and block copolymers with a non- degradable glycerol (G) 
monomer. Hyperbranched block copolymers of P(SSG-b-G) and P(G-b-SSG) with controlled 
molecular weights and relatively low polydispersity were synthesized by anionic ring-opening 
multibranching polymerization. We also revealed the specific structure of the degradation 
products from homopolymers and block copolymers of hyperbranched redox-responsive PGs 
under redox conditions using 1H NMR and GPC measurements. As a result, we investigated 
the outstanding biocompatibility of PSSG, P(G-b- SSG) and P(SSG-b-G) through cell viability 
assays. 
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Scheme 1. Degradation structure depending on the type of polymers. 
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2. Experimental section 
2.1. Materials 
All reagents and solvents were purchased from either Sigma Aldrich or Acros and used as 
received unless otherwise stated. Chloroform-d1 and deuterium oxide were purchased from 
Cambridge Isotope Laboratory. 
 
2.2. Characterization 
1H NMR spectra were acquired using a VNMRS 600 spectrometer operating at 600 MHz using 
CDCl3 and D2O as solvents. The number- and weight-averaged molecular weight and 
molecular weight distribution were measured by gel permeation chromatography (GPC, 
Agilent Technologies 1200 series) using polystyrene as a standard in DMF. Measurements 
were carried out at 30 °C with a flow rate of 1.00 mL/min. Differential scanning calorimetry 
(DSC) was performed using a DSC Q200 model from TA Instruments in the temperature range 
of 280 to 100 °C at a heating rate of 10 K/min under nitrogen. A UV-Vis spectrophotometer 
(UV- 2550, Shimadzu) was used to measure the absorbance of iodine for the volumetric 
titration of free thiols. 
 
2.3.Synthesis of SSG (Monomer), PSSG (Homopolymer), and P(G-co-SSG) (Copolymer) 
SSG monomer, PSSG homopolymer, and P(G-co-SSG) copolymers were prepared according 
to the previously reported method.21 
 
2.4. Synthesis of Poly(glycerol-block22-{2-[2-(oxiran-2-ylmethoxy)ethyl] disulfanyl} 
ethanol) (P(G130-b-SSG80) Block Copolymer, Polymer 6) 
Trimethylolpropane (TMP) (24 mg, 0.179 mmol) was placed in a two-neck round-bottom flask. 
Potassium methoxide in methanol (25 wt%, 20 µL, 0.0678 mmol) was diluted with 0.70 mL of 
methanol and then added to the flask and stirred for 30 min at room temperature under an argon 
atmosphere. Excess methanol was removed using a rotary evaporator and the remaining 
product was dried in a vacuum oven (90 °C, 3 h) to yield the initiator as a white salt. The flask 
was then purged with argon and heated to 90 °C. Then, glycidol (G) monomer (1.72 g, 23.2 
mmol) was added dropwise over 6 h using a syringe pump. After complete addition of the 
monomer, the reaction was allowed to continue for an additional 1 h to yield the PG 
macroinitiator. Then, to this solution, SSG monomer (3.01 g, 14.3 mmol) was added dropwise 
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over 6 h using a syringe pump. After complete addition of the monomer, the reaction was 
allowed to continue for an additional 1 h. The resulting P(G-b-SSG) polymer was dissolved in 
1.0 mL of methanol and the homogeneous polymer solution was precipitated into excess 
diethyl ether and washed twice with diethyl ether. Finally, the resulting polymer was dried 
under vacuum at 60 °C for 2 days. The Mn of polymer 6 was 18,400 g/mol, as calculated from 
the NMR data shown in Figure 2(a) using the following equation: Number of repeating units 
(SSG) = 56.31 (integration value) * 3 (number of protons of TMP (methyl, 3H))/4 (number of 
protons neighboring the disulfide moiety of SSG (4H)) = 42, number of repeating units 
(G)5[339.92 (integration value) * 3 (number number of protons of TMP (methyl, 3H)) – {(42 
(number of SSG repeating units) * 9 (number of protons of SSG except those that are adjacent 
to the disulfide moiety (9H))) – 6 (number of protons of TMP (ether, 6H))}]/5 (number of 
protons of the G monomer (5H)) = 127; Mn = 74.08 (molecular weight of the G monomer) * 
127 + 210.31 (molecular weight of the SSG monomer) * 42 + 134.17 (molecular weight of 
TMP) = 18,400. 
 
2.5. Synthesis of Poly(glycerol-block22-{2-[2-(oxiran-2- ylmethoxy)ethyl] disulfanyl} 
ethanol) (P(SSG30-b-G100) Block Copolymer, Polymer 9) 
P(SSG30-b-G100) block copolymer was synthesized using the same strategy to prepare the P(G-
b-SSG) block copolymers; however, the monomer addition sequence was reversed. The 
reaction mixture comprised trimethylolpropane (TMP) (24 mg, 0.179 mmol), potassium 
methoxide in methanol (25 wt%, 20 µL, 0.0678 mmol) in 0.70 mL of methanol, SSG monomer 
(1.13 g, 5.36 mmol), and glycidol (G) monomer (1.32 g, 17.9 mmol). The Mn of polymer 9 was 
14,700 g/ mol, as calculated from the NMR data shown in Figure 2(b) using the following 
equation: Number of repeating units (SSG) = 30.53 (integration value) * 3 (number of protons 
of TMP (methyl, 3H))/4 (number of protons neighboring the disulfide moiety of SSG (4H)) = 
23, number of repeating units (G) = [314.24 (integration value) * 3 (number of protons of TMP 
(methyl, 3H)) – {(31 (number of SSG repeating units considering only PSSG core) * 9 (number 
of protons of SSG except those that are adjacent to the disulfide moiety (9H))) – 6 (number of 
protons of TMP (ether, 6H))}]/5 (number of protons of the G monomer (5H)) = 131; Mn = 
74.08 (molecular weight of the G monomer) * 131 + 210.31 (molecular weight of the SSG 
monomer) * 23 + 134.17 (molecular weight of TMP) = 14,700.  
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2.6. Characterization of Free Thiol by Iodine Titration 
For titration experiments, an aqueous solution of mercaptoethanol (10.0 mM) was used to draw 
a standard titration curve. Specifically, 5.0 µL of aqueous iodine solution (0.10 mM) was added 
dropwise to a solution of mercaptoethanol with stirring while monitoring the UV-Vis 
absorbance at 287 nm and 351 nm. This titration measurement afforded a standard calibration 
curve for the iodine titration of free thiol in solution.  
 
2.7. Polymer Degradation 
Degradation of PSSG by disulfide reduction was studied by GPC. Dithiothreitol (DTT, 2 equiv 
of disulfide) was added to solutions of the PSSG homopolymer, P(G-b-SSG), and P(SSG-b- G) 
block copolymers in DMF and the samples were analyzed using GPC in DMF. The molecular 
weight and PDI were measured and the results of before and after DTT treatment were 
compared. 
 
2.8. Cytotoxicity Assay  
MTT assay was performed according to the previously reported method.21 
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3. Results and discussion 
3.1. Synthesis of Hyperbranched Block Copolymers 
We prepared two different types of hyperbranched block copolymers, P(G-b-SSG) and 
P(SSG-b-G), by adding the two monomers in a sequential difference (Figure 1). In this report, 
we synthesized hyperbranched block copolymers using synthetic redox-degradable monomers 
such as nondegradable glycidol (G) and SSG. Hyperbranched AB block copolymer can make 
striking different structures by changing the order of monomer addition during synthesis. To 
regulate the degradation kinetics, we changed the order of polymerization of the two respective 
monomers; for example, in the case of P(G-b-SSG), after the hyperbranched PG macroinitiator 
was synthesized, SSG was added to make the P(G-b-SSG) copolymer. All polymers were 
prepared by anionic ring-opening multibranching polymerization, prepared by the reaction of 
TMP as initiator and potassium methoxide as a base.9 As reported in previous studies, the slow 
monomer addition method (SAM) can be able to use in the synthesis of hyperbranched 
polymers in a controlled manner.8,21 Successful syntheses of homopolymers and two types of 
block copolymers were confirmed using 1H NMR, GPC, and DSC measurement (Table 1). All 
synthesized PSSG-based polymers were water-soluble polar organic solvents-soluble like 
DMF, methanol, and DMSO. The successful polymerization was identified with disappearance 
of epoxide signal by G and SSG in the 1H NMR spectra and the characteristic peaks 
corresponding to the methylene groups adjacent to the disulfide moiety (peaks labeled c at 2.9 
- 3.1 ppm) and polyether backbone signals (peaks marked d at 3.4 - 4.2 ppm) (Figure 2). In 
Figure 2a, we found substantial variation in the disulfide signal upon additional polymerization 
of the SSG monomer to produce the hyperbranched block copolymer, P(G-b-SSG). Even 
though new peaks were not watched for P(SSG-b-G), the 1H NMR intensity of signals coming 
about the polyether backbone became stronger after addition of monomer G, presenting the of 
growth the polyether backbone during polymerization of G (Figure 2b). Commonly, we 
confirmed relatively high concurrence between the target and calculated molecular weights of 
homopolymers of PG and PSSG; though, there are some differences between polymer 
composition with feed ratio and NMR for the two types of hyperbranched block copolymers 
(Table 1). Our previous study in situ 13C NMR have revealed that the SSG monomer has 
relatively low conversion (40– 55%) compared to pure G monomer due to its low reactivity. 
This discrepancy in reactivity could be affected to the structure of the disulfide spacer within 
SSG, which can impede the nucleophilic attack at epoxide, then decrease the reactivity of SSG 
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during polymerization. In contrast, we explained the lower intensity of disulfide signal after 
addition of G having new peaks at 2.8 to 2.9 ppm, which could be affected to the methylene 
group close to the sulfenyl ester groups and thiol from side-reactions of the disulfide group. 
For example, we observed that the PSSG30 (polymer 2) became P(SSG23-b-G131) (polymer 9) 
after polymerization with G monomer. This result certainly implies the happening of a side 
reaction including the depolymerization of disulfide bonds during the post-polymerization with 
more reactive G monomer. It is decided that the making alkoxide group (RO2) of the G 
monomer reacts with the disulfide group (R’SSR’’) to produce thiolate (R’S-) and sulfenyl 
esters (ROSR’’) during the postpolymerization with G, which will finally disintegrate into 
thiols (R’SH and R’’SH) and alcohol (ROH).28,29 To investigate the side reactions of PSSG 
during the polymerization, we checked free thiol titration experiments by oxidizing thiol with 
iodine.30,31 It is well-known that hydrophilic thiols can be oxidized to disulfide by aqueous 
iodine and results in the appearance characteristic UV-vis absorbance peaks at 287 and 351 nm. 
2RSH + I2 → RSSR + 2HI, I2 + HI → H+ + I3- 
on the basis of the reactions existed above, we confirmed the amounts of free thiols in PSSG 
homopolymers and block copolymers of P(G-b-SSG) and P(SSG-b-G) using mercaptoethanol 
as a reference standard (Table 2). We confirmed that both the PSSG homopolymer and P(G-b-
SSG) block copolymer had a little thiol content of around 10% free thiol to disulfide groups 
(i.e., SH/SS ratio) owing to the side reaction during the polymerization. On the other hand, the 
P(SSG-b-G) block copolymer had a relatively high SH/SS ratio with a broad range (14 - 129%). 
Moreover, we checked that the SH/SS ratio of P(SSG-b-G) depended on the G/SSG ratio; In 
other words, a high G/SSG ratio results a higher SH/ SS ratio. Furthermore, two facts regarding 
this results happened: (i) even though P(SSG30-b-G50) (polymer 8) and P(SSG30-b-G100) 
(polymer 9) were polymerized from the same PSSG30 macroinitiator (polymer 2), P(SSG30-b-
G100) has a higher SH/SS ratio than P(SSG30-b-G50), and (ii) despite P(SSG14-b-G100) (polymer 
7) and P(SSG30-b-G100) (polymer 9) with the same G composition, P(SSG14-b-G100) has a 
higher SH/SS ratio owing to its high G/SSG ratio. The GPC results explain that the 
polymerization of hyperbranched block copolymers from their each macroinitiators, PG130 and 
PSSG30, was successfully synthesized, and the hyperbranched polymers had relatively low 
molecular weight distribution values (Mw/Mn<1.54) (Table 1). On the other hand, there is 
distinction between the molecular weights calculated from NMR and those obtained from GPC. 
This result can be explained because globular hyperbranched structure of hyperbranched PG 
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did not contribute to the overall hydrodynamic radius of the polymers. Moreover, we used DSC 
measurements to confirm the structures of hyperbranched block copolymers and their thermal 
properties (Figure 3). PGs are non-crystalline, flexible polymers that have glass transition 
temperatures (Tg) in the range from 219 to 226 °C. However, the PSSG homopolymer has a 
pretty lower Tg than those of the PGs; for instance, it has a range of between 248 to 255 °C.
18 
The lower Tg of PSSG can be explained for by two reasons: (i) the longer-CH2CH2-S-
SCH2CH2- spacer unit in the PSSG monomer generates a loose structure of polymer compared 
to the dense structure of that of PG and (ii) lower polarity and weak hydrogen bonding in PSSG 
can effect in free motion of the polymer chain. The Tg’s of the hyperbranched block copolymers 
of P(G-b-SSG) exist between those of PG and PSSG. For instance, after polymerization to form 
hyperbranched P(G130-b-SSG80), the Tg of PG130 (225 °C) shifted to 233 °C. Furthermore, the 
Tg of PSSG30 (238 °C) increased to 231 °C in the P(SSG30-b-G100) copolymer. It is note that 
we confirmed only single Tg from the PSSG from hyperbranched block copolymer compared 
to the two independent Tg’s of linear block copolymers. We postulate that this result is 
attributed to miscibility of PG and PSSG, and, more importantly, its globular hyperbranched 
structure even in the segregated block copolymer architecture, constraint phase separation 
between two blocks. we confirmed that a simple blend of two homopolymers retained two 
separate Tg’s of the respective homopolymers. 
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Figure 1. Synthetic pathway and degradation structure of two types of redox-degradable 
hyperbranched block copolymers; (a) shell degradable P(G-b-SSG) and (b) core degradable 
P(SSG-b-G). 
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Table 1. Characterization data for all homo- and copolymers synthesized in this study. 
 
a Determined via 1H NMR spectroscopy. b Obtained from GPC-RI in DMF with a polystyrene 
standard. 
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Figure 2. 1H NMR spectra before and after addition of the second monomer to confirm the 
successful synthesis of the hyperbranched block copolymers of (a) P(G130-b-SSG80) and (b) 
P(SSG30-b-G100). 
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Table 2. Characterization data for the side reactions of PSSG-based copolymers. 
 
a Determined via 1H NMR spectroscopy. b Measured using UV-Vis spectroscopy by plotting 
the intensity at a wavelength of 351 nm. 
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Figure 3. DSC curves for PG130 (blue), P(G130-b-SSG80) (sky blue), P(SSG30-b-G100) (yellow), 
PSSG30 (red), and a simple blend of PG150 and PSSG50 homopolymers (green). Star marks 
indicate the glass transition temperatures (Tg) for each polymer. 
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3.2.Degradation Study of Two Types of Hyperbranched Block Copolymers 
The presence of disulfide bonds in the polymer allows their degradation under redox condition. 
SSG has an important advantage over other degradable epoxide monomers for studies of 
degradable PGs. Especially, SSG can be homopolymerized with almost 100% conversion, 
while other degradable monomers originally display only low conversions (ca. 20%) during 
polymerization. By utilizing this advantage, we easily synthesized P(G-b-SSG) and P(SSG-b-
G) block copolymers by changing the sequence of addition of the monomers, allowing us to 
research the structures of the degradation PSSG with respect to the architecture of the block 
copolymer. First of all, we checked the degradation of the shell-degradable hyperbranched 
block copolymer of P(G-b-SSG). For this polymer, we anticipated that the outer shell would 
be degraded while decreasing in molecular weight. As shown in Figure 4a, we confirmed that 
the molecular weight of polymer 6 decreased slightly from 12,440 to 10,090 g/mol after 
degradation. Although GPC measurement with PS standards retains intrinsic limitation in 
determining the exact molecular weight of hyperbranched polyglycerol systems, interestingly, 
the difference in their molecular weights corresponds to that of the degradation products (i.e., 
30 mercaptoethanol molecules). Therefore, we concluded that P(G-b-SSG) releases 
mercaptoethanol from the outer shell on degradation. In order to observe the complex 
degradation of the core degradable hyperbranched block copolymer P(SSG-b-G), we first 
studied the degradation mechanism of the PSSG homopolymer. In our previous work, we 
gained mechanistic insights on the degradation of PSSG polymers.21 These were based on the 
presence of two possible reaction sites in SSG: the secondary alcohol and the disulfide linked 
primary alcohol.18 Here, we have further studied the detailed structure of the PSSG 
homopolymers by NMR spectroscopy to study polymer degradation. During polymerization of 
the SSG monomer, there are two possible reaction routes for the hydroxyl groups that affect 
the direction of propagation of the growing polymer chain. For example, if a secondary 
alkoxide group is propagated, the polymer chain attaches to an epoxide unit and a linear 1,3-
unit (L1,3) is generated; in contrast, a linear 1,11-unit (L1,11) is formed if a primary alkoxide 
reacts (Figure 5). Although it is reported that the primary alkoxides (L1,4) are almost threefold 
more reactive than secondary alkoxides (L1,3) for anionic ring-opening multibranching 
polymerizations of a pure PG system,9 PSSG shows the opposite tendency, to our surprise. 
Specifically, in the case of PSSG30, we found that the secondary alcohol (L1,3) is 1.71 times 
more reactive than the primary alcohol (L1,11). We propose that this observed difference in 
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reactivity is mainly due to the relatively slow proton exchange that occurs in the long spacer 
unit of RCH2CH2S-SCH2CH2OH; thus, to exchange the proton, attack by an oxyanion is 
preferred entailing at the neighboring epoxide monomer. After degradation, a large core 
segment is left with a molecular weight of 2281 g/mol, which closely corresponds to the value 
derived from GPC (2780 g/mol), as shown in Figure 4b. 
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Figure 4. Schematic degradation structure of PSSG polymers and the corresponding GPC 
traces of (a) P(G130-b-SSG80), (b) PSSG30, (c) P(SSG30-b-G50), and (d) P(SSG30-b-G100) before 
(black curve) and after (red curve) degradation. 
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Figure 5. 1H NMR spectra of PSSG30 homopolymer and detailed assignments of the respective 
protons giving rise to these signals.  
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3.3.Biocompatibility Test 
We confirmed the biocompatibility of PSSG30, P(SSG30-b-G50), P(SSG30-b-G100), and P(G130-
b-SSG80) to investigate their potential usages for biomedical application. We focused on 
differences in cell viability with respect to the location of the disulfide bonds in the 
hyperbranched polyglycerols even though our previous studies have reported that the SSG 
monomer does not have a side effect on cells when copolymerized with G. Cells treated to 
PSSG30, P(SSG30-b-G50), and P(SSG30-b-G100), which located SSG within the core, showed 
high cell viability with increasing G content in Figure 6. This can be proved by the non-toxic 
PG chains that encircle the PSSG core as G content increases. The other way, P(G130-b-SSG80) 
causes cells to have more toxicity than P(SSG30-b-G100) because SSG is exposed at the outer 
shell. Moreover, disulfide bonds in P(G-b-SSG) stably remain nevertheless the unstable 
disulfide bond in P(SSG-b-G) can be converted to thiol or thioether under polymerization 
conditions, resulting to the higher biocompatibility of P(SSG-b-G) than P(G-b-SSG). 
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Figure 6. In vitro cell viability assays of PSSG30 (black), P(SSG30-b-G50) (dark grey), P(SSG30-
b-G100) (grey), and P(G130-b-SSG80) (white) polymers determined by MTT assay using (a) WI-
38 (normal cell) and (b) HeLa (cancer cell). 
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4. Conclusion 
PSSG homopolymers and block copolymers were successfully synthesized by anionic ring-
opening polymerization using the redox-responsive monomer containing disulfide bonds and 
the non-degradable G monomer. The synthesized polymers were analyzed by 1H NMR 
spectroscopy, GPC, and DSC measurements, and these confirmed well-controlled molecular 
weight and low polydispersity. Disulfide bond side reactions during polymerization, which are 
important in redox-responsive systems, were confirmed by free thiol titration experiments, 
which demonstrated that thiol groups produced by side reactions during polymerization exist 
within the final polymer. Moreover, we found that P(SSG-b-G) has more thiol groups than 
either PSSG or P(G-b-SSG). We also studied the structures of the degradation products of a 
series of redox degradable hyperbranched PGs using 1H NMR, and GPC measurements. We 
found that the structure of the degradation products of P(G-b-SSG) and P(SSG-b-G) are 
different, and showed degradation mechanism. In vitro cytotoxicity studies verified the proper 
biocompatibility of hyperbranched redox degradable homo-, block copolymer. Finally, we 
expect that our research will progress the structural diversity of PG based polymers and help 
the understanding of the structure of degradable PG systems. 
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Part 3. Reduction Triggered Self-Cross-Linked Hyperbranched Polyglycerol Nanogels 
 
1. Introduction 
Nanogels are aqueous dispersions of hydrogel particles in the nanometer range, which are 
formed from physically or chemically cross-linked polymeric networks.1–3 Owing to the unique 
advantages that combine the characteristics of hydrogels and nanoparticles, nanogels are 
actively investigated as promising platforms for advanced biomedical applications.4–8 In 
contrast to other self-assembled nanostructures, nanogels are more stable and have longer 
circulation times. Specifically, the development of nanogels in drug delivery could address a 
range of challenges to allow precise control over properties such as structure, size, surface 
functionality, hydrophilic/hydrophobic balance, and drug loading capacity.9–12 When 
responsive polymers are exploited as building blocks for nanogels, smart nanogels can be 
prepared that stably encapsulate therapeutic molecules and release them in response to specific 
stimuli such as pH,13–15 temperature,16,17 redox,18–22 light,23,24 and enzyme activity.25,26 
Nanogels are generally prepared by microemulsion or inverse microemulsion methods. 
However, these conventional methods are relatively complex and require multiple purification 
steps to remove unreacted monomers and the surfactants used as emulsion stabilizers. 
Moreover, these methods have drawbacks, such as limited types of internal payload. On the 
other hand, the formation of nanogels from linear polymers by intra- and inter-chain collapse 
can afford a facile protocol toward well-defined delivery vehicles. This method also often 
requires very dilute conditions and thus potentially limits encapsulation efficiency.  
Hyperbranched polyglycerols (PGs) are among the most widely used hyperbranched 
polymers, and possess a globular polymeric structure comprised of a polyether backbone with 
a large number of hydroxyl groups.  
 
 
---------------------------------------------------------------------------------------------------------------- 
Reproduced in part with permission from Park, H.; Choi, Y.; Jeena, M.T.; Ahn, E.; Choi, Y.; 
Kang, M.G.; Rhee, H.W.; Ryu, J.H.; Kim, B.S. unpublished results. Submission for  
Macromol.Bio. 
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PGs are actively investigated as an alternative to conventional poly(ethylene glycol), the most 
biocompatible synthetic polymer, in broad applications such as surfactants, cosmetics, and 
pharmaceutics owing to their excellent biocompatibility, immunogenicity, and oxidation 
stability.27–30 Moreover, recent advances in the development of functional epoxide monomers 
have expanded the toolkit for the synthesis of functional hyperbranched PGs with responsive 
properties under specific biological cues. For example, a glycerol monomer containing a 
disulfide bond, i.e., 2-((2-(oxiran-2-ylmethoxy) ethyl)disulfanyl)ethan-1-ol (SSG), was 
recently developed by our group to synthesize redox-degradable hyperbranched PGs 
(PSSGs).31,32 These PSSGs can offer new opportunities in smart drug delivery systems by 
taking advantage of considerable redox concentration gradients between intracellular and 
extracellular environments. Even with these developments, the loading of active therapeutics 
for redox-responsive PSSGs was limited because of the intrinsic hydrophilicity of 
hyperbranched PSSGs. 
Thus, in continuation of our endeavors in the development of hyperbranched PGs for 
biomedical applications, we herein demonstrate the synthesis of redox-responsive nanogels 
from hyperbranched PSSGs that can encapsulate a variety of internal payloads such as 
hydrophobic/hydrophilic drugs and enzymes. Specifically, we exploited the self-cross-linking 
chemistry of thiol and disulfide groups within polymeric structures after the addition of a 
deficient amount of dithiothreitol (DTT) (Figure 1). By varying many synthetic parameters 
including the fraction of degradable monomers within the polymers (homo- and copolymers), 
molecular weights, and the degradation degree according to equivalents of a disulfide cleavage 
agent, we tailored the size and mesh density of the nanogels, which in turn controlled the release 
profiles of their internal payloads. The nanogel formation employed in the present study 
circumvents the aforementioned synthetic challenges, generating water-soluble nanogels with 
high encapsulation capabilities of various active therapeutics and biocompatibility while 
retaining the responsive behavior for smart drug delivery.  
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2. Experimental section 
2.1. Materials. All reagents and solvents were purchased from Sigma-Aldrich and Acros and 
used as received unless otherwise stated. Chloroform-d1 and deuterium oxide were purchased 
from Cambridge Isotope Laboratory. Doxorubicin hydrochloride (Dox∙HCl) was purchased 
from EP (France). The X-gal assay kit was purchased from BioVision, Inc, USA. 
 
2.2. Measurements. 1H NMR spectra were acquired using a VNMRS 600 spectrometer 
operating at 400 MHz using D2O solvents. The number- (Mn) and weight-averaged molecular 
weights (Mw) and molecular-weight distribution (Mw/Mn) were measured using gel permeation 
chromatography (GPC, Agilent Technologies 1200 series, USA) with a polystyrene (PS) 
standard and 0.01 M lithium bromide containing dimethylformamide (DMF) as an eluent at 
40 °C with a flow rate of 1.00 mL/min. The morphology and the size of the nanogels were 
investigated using transmission electron microscopy (TEM, JEM-2100, JEOL, Japan) and 
atomic force microscopy (AFM, Dimension 3100, Veeco, USA). Hydrodynamic diameter (Dh) 
was studied using dynamic light scattering (DLS, Nano ZS, Malvern, U.K., and BI-APD, 
Brookhaven Instrument, New York, USA). Three instruments were used to cross-check the 
reliability of the obtained data. A UV/vis spectrophotometer (UV-2550, Shimadzu, Japan) was 
used to measure the absorbance of nanogels containing Nile red. A spectrofluorimeter (RF-
6000, Shimadzu, Japan) was also used to obtain the release profiles of dyes from nanogels and 
to determine the amount of encapsulated FITC-β-gal within nanogels. The calibration curve of 
doxorubicin (Dox) was obtained by high-performance liquid chromatography (HPLC, Agilent 
Technologies 1200 series, USA) with a mobile phase of a mixture of CH3CN and H2O (6:4, 
v/v) at a rate of 0.80 mL/min and 20 °C. The detection of Dox was performed by using a UV 
detector at a wavelength of 480 nm. The fluorescent images were obtained by confocal laser 
scanning microscopy (CLSM, LSM880, LSM 780, Carl Zeiss, Germany). The X-gal activity 
assay was carried out with an OLYMPUS Inverted Fluorescence Microscope. 
 
2.3. Synthesis of 2-{2-[2-(Oxiran-2-Ylmethoxy)Ethyl]Disulfanyl}Ethanol (SSG 
Monomer), (PSSG Homopolymer) and (P(G-co-SSG) Copolymer). The SSG monomer and 
polymer were prepared according to the previously reported method.31 The Mn of PSSG11 
(polymer 1) was determined to be 2450 g/mol, as calculated from the NMR data, using the 
following equation: number of repeating units (n) = 14 (integration value) × 3 (number of 
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protons in trimethylolpropane (TMP) (methyl, 3H)) / 4 (number of protons neighboring the 
disulfide moiety of SSG (4H)) = 11; Mn = 210.31 (molecular weight of the SSG monomer) × 
11 + 134.17 (molecular weight of the TMP initiator) = 2447.58 g/mol. The Mn of P(G21-co-
SSG13) (polymer 4) was also determined to be 4420 g/mol, as calculated from the NMR data, 
using the following equation: number of repeating units (SSG) = 17.47 (integration value) × 3 
(number of protons of TMP (methyl, 3H)) / 4 (number of protons neighboring the disulfide 
moiety of SSG (4H)) = 13, number of repeating units (G) = [75.52 (integration value) × 3 
(number of protons of TMP (methyl, 3H)) − {(13 (number of SSG repeating units) × 9 (number 
of protons of SSG except those that neighbor the disulfide moiety (9H))) − 6 (number of 
protons of TMP (ether, 6H))}] / 5 (number of protons of the G monomer (5H)) = 21; Mn = 
74.08 (molecular weight of the G monomer) × 21 + 210.31 (molecular weight of the SSG 
monomer) × 13 + 134.17 (molecular weight of TMP) = 4423.88 g/mol (see Table 1 for a 
summary of all the polymers prepared). 
 
2.4. In situ Formation of Redox Sensitive Nanogels. 50 mg of P(G10-co-SSG12) polymer 
(polymer 3) was dissolved in 1.0 mL deionized water and placed in a flask pre-heated at 70 °C 
for 10 min. A pre-determined amount of DTT (0.2 and 1.0 mg) that corresponded to 10 and 50 
mol % of DTT relative to the disulfide moieties, respectively, was added to the polymer 
solution and stirred at room temperature for 15 h to allow for degradation and subsequent inter- 
and intra-molecular cross-linking. The resulting nanogels were purified by dialysis (MWCO 
6000 Da, SpectraPore, USA) for 3 days to eliminate any byproducts and residual DTT. 
 
2.5. Nanogels Encapsulated with Hydrophobic Nile Red. 50 mg of P(G10-co-SSG12) 
polymer (polymer 3) and excess Nile red (2 mg) were dissolved in 200 μL of acetone and a 
measured amount of DTT (0, 0.2, and 1.0 mg, which corresponded to 0, 10, and 50 mol % of 
DTT relative to the disulfide moieties) was added. After stirring for 10 min, 1.0 mL of 
deionized water was added, and the mixture was stirred overnight at room temperature while 
open to the atmosphere, allowing the organic solvent to evaporate. Insoluble excess Nile red 
was removed by filtration, and the nanogel suspension was dialyzed as described above.  
 
2.6. Release of Encapsulated Nile Red from Nanogel. A 1.0 mL sample of nanogel with 
encapsulated Nile red was placed inside a dialysis membrane (MWCO 500–1000 Da, 
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SpectraPore, USA) for 72 h. The fluorescence intensity of the nanogel was determined using a 
spectrofluorometer at an excitation wavelength of 480 nm with a constant time interval during 
the release of Nile red through dialysis. 
 
2.7. Nanogel Encapsulated with Dox. 50 mg of P(G10-co-SSG12) polymer (polymer 3) was 
dissolved in 5.0 mL of deionized water and DTT (0, 0.2, and 1.0 mg, which corresponded to 0, 
10, 50 mol % of DTT relative to the disulfide moieties, respectively,) was added to the solution. 
Afterwards, Dox from Dox·HCl (7.5 mg, 0.013 mmol) pretreated with 50% NaOH solution 
was added slowly into the solution. The pH was adjusted to 7.4 with a phosphate buffer solution 
(solution mixture of 10 mM KH2PO4 and K2HPO4). The mixture was stirred for 24 h at room 
temperature and dialyzed against PBS buffer (pH 7.4) using a dialysis membrane (MWCO 
6000 Da, SpectraPore, USA) for 3 days at room temperature while water was changed every 
day. 
 
2.8. In Vitro Cell Cytotoxicity. The cytotoxicity and efficacy of the nanogels in drug delivery 
were assessed by MTT assays. Briefly, HeLa cells (human epithelial carcinoma cells) and WI-
38 cell (human diploid cells) purchased from the Korea Cell Line Bank (Korea) grew in 96-
well plate containing Dulbecco’s modified Eagle’s medium (DMEM), 10% fatal bovine serum 
(FBS), and 1% penicillin-streptomycin at a density of 3 × 104 cells per well. After stabilizing, 
the HeLa and WI-38 cells were treated with each nanogel solution and incubated for 24 h at 
37 °C in a humidified atmosphere of 95% air/5% CO2. Thiazolyl blue tetrazolium bromide 
(MTT, Sigma-Aldrich) was added in each well (final conc. of 0.50 mg/mL) and incubated for 
3 h. After removing the culture medium, 100 μL of DMSO was added to each cell well to 
dissolve the MTT reagent, and the plates were gently agitated for 15 min at room temperature. 
The absorbance was measured at a wavelength of 540 nm using 620 nm as a reference. 
 
2.9. Cellular Uptake of Nanogels. Cellular uptake of Dox-loaded nanogels and pure nanogels 
was measured with confocal laser fluorescence microscopy imaging using HeLa cells. HeLa 
cells were plated on microscope slides in an 8-well tissue culture plate at a density of 3 × 104 
cells per well and incubated with DMEM containing 10% FBS and 1% penicillin-streptomycin 
for 24 h. After pre-incubating, the Dox-loaded nanogels were dissolved in the culture medium 
to a concentration of 0.50 mg/mL for an additional 6 and 24 h. After washing with PBS (pH 
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7.4), a solution of 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich; 20 mg/mL in MEM 
media) was incubated at 37 °C. The cells were fixed with 4% formaldehyde at room 
temperature after 30 min incubation. Confocal laser scanning microscopy (CLSM) images 
were taken using a Carl Zeiss LSM880 confocal microscope. 
 
2.10. Preparation of FITC-β-Galactosidase and Dox-loaded Nanogels. 50 mg of P(G10-co-
SSG12) polymer (polymer 3) was dissolved in 1.0 mL of deionized water and DTT (1.0 mg, 
which corresponded to 50 mol % of DTT relative to the disulfide moieties, respectively) was 
added in the solution. Afterwards, Dox (2 mg, 3.7 μmol) and fluorescein isothiocyanate isomer 
I (FITC)-labeled β-galactosidase (FITC-β-gal, conc. 0.20 mg/mL) were added slowly into the 
solution. FITC labeling of the β-galactosidase was performed according to the previously 
reported procedure.41 The mixture was kept stirring for 24 h at room temperature and dialyzed 
against PBS buffer using a dialysis membrane (MWCO 6000 Da, SpectraPore, USA) for 3 days 
at room temperature while water was changed every day. The obtained product was centrifuged 
to separate the un-encapsulated free β-gal for 10 min at 4000 rpm. 
 
2.11. Confocal Analysis of FITC-labeled β-Galactosidase-loaded Nanogels. The cellular 
internalization of FITC-labeled β-gal-loaded NGs and intracellular release were monitored 
with confocal microscopic analysis. The HeLa cells were seeded in 8-well tissue culture plates 
at a density of 3 × 103 cells per well. After 24 h, the culture medium was exchanged with fresh 
medium and further treated with NGs loaded with both Dox and FITC-β-gal at a concentration 
of 1.0 mg/mL for 6 h at 37 °C under 5% CO2. Confocal laser scanning microscopy (CLSM) 
images were taken using an Olympus LSM-780 confocal microscope. 
 
2.12. Activity Assay of β-Galactosidase Loaded in Nanogels (X-gal Staining). HeLa cells 
were seeded in a 12-well tissue culturing plate at 5 × 104 cells/well supplemented with DMEM 
medium containing 10% FBS and 1% penicillin-streptomycin. After 24 h, the culture medium 
was removed and exchanged with fresh media containing both Dox and FITC-β-gal-loaded 
NG4 at a concentration of 1.0 mg/mL. After 24 h, the cells were washed with PBS and X-gal 
staining was carried out according to the manufacturer’s instructions (BioVision, USA). 
Briefly, cells were fixed with the fixative for 15 min followed by washing with PBS twice, then 
supplemented with staining materials (470 μL of staining solution, 5 μL of staining supplement, 
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25 μL of 20 mg/mL of X-gal in DMF), and kept overnight at 37 °C in a non-CO2 incubator. 
After 12 h, cells were washed with PBS and imaged with an OLYMPUS inverted fluorescence 
microscope. 
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3. Results and Discussion 
3.1. Synthesis and characterizations of polymer and nanogel 
To provide redox-degradable hyperbranched polyglycerols, we first prepared the SSG 
monomer as reported previously.31,32 After synthesis of the SSG monomer, we performed the 
polymerization to PSSG homopolymers and P(G-co-SSG) copolymers via anionic ring-
opening multibranching polymerization methods. Five different hyperbranched polymers (both 
homo- and copolymers) of varying molecular weights ranging from 2240 to 10890 g/mol were 
successfully prepared, as determined by 1H NMR and GPC analyses (Table 1). We found 
relatively good agreement between the targeted and calculated molecular weights of polymers 
that were controlled by the monomer-to-initiator ratio, albeit with noticeable differences in 
their respective reactivities during polymerization (see Experimental Section for detailed 
calculations and Figure S1 for 1H NMR spectra). GPC analysis also allowed the 
characterization of the controlled polymerization of homopolymers and copolymers in a 
relatively narrow molecular weight distribution (Mw/Mn < 1.5). In addition, all polymers 
prepared were highly soluble in water and organic polar solvents such as methanol, DMF, and 
DMSO.  
Unlike other studies that described treatment with excess DTT to cleave all redox-degradable 
moieties, we hypothesized that the addition of an insufficient amount of DTT would cause the 
cleavage of a well-defined fraction of disulfide groups from the corresponding thiol 
functionalities. These thiol functionalities would then react with other free thiols either in the 
same polymer or in neighboring chains to form new disulfide bonds or with other existing 
disulfide groups in thiol–disulfide exchange chemistry. It is well known that these reactions 
occur reversibly at room temperature in water without the need for additional catalysts and 
chemicals.33 Thus, a series of these reactions eventually results in cross-links within the 
polymeric aggregates, leading to the formation of nanogels, as shown in Figure 1. As notable 
examples, Thayumanavan and co-workers have employed the self-cross-linking chemistry of 
disulfide groups for the formation of various types of nanogels.10,11,34,35 
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Figure 1. Synthetic scheme for the PSSG polymer and the in situ formation of degradable 
nanogels through thiol–disulfide exchange and disulfide exchange chemistry (marked with 
blue arrows) between inter- and intra-molecular chains upon treatment with DTT. Other chains 
are not depicted for clarity. Green circle represents the basic unit for the formation of the PSSG 
nanogel. 
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Table 1. Characterization data of polymers used in this study. 
a Determined via 1H NMR spectroscopy. b Measured using GPC-RI in DMF with a polystyrene 
standard. 
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3.2. Size controllable NGs with varying amount of DTT 
To investigate the effect on the formation of nanogels with different amounts of DTT, we 
prepared nanogels treated with 10 to 50 mol % of DTT relative to the disulfide moieties within 
the polymer (Figure 2a). As representative examples, we chose homopolymer PSSG30 (polymer 
2) and copolymer P(G10-co-SSG12) (polymer 3) for the formation of nanogels and denoted their 
respective nanogels with varying amounts of DTT as NGn (see Table 2 for the notation of NGs).  
As clearly observed in the atomic force microscopy (AFM) images of the NGs in Figure 2b, 
both polymers successfully formed NGs after treatment with defined amounts of DTT. 
Interestingly, the controlled sizes of cross-linked NGs were shown with average diameters of 
142 ± 30 and 78 ± 8.3 nm for NGs prepared from PSSG30 homopolymer, and 178 ± 54 and 74 
± 12 nm for P(G10-co-SSG12) copolymer with 10 and 50 mol % DTT treatment, respectively 
(Table 2). This observation can be explained on the basis of the balance between the 
degradation of the polymer into smaller fragments and subsequent reassembly into cross-linked 
NGs. Specifically, it suggests that the NGs prepared by treatment with a smaller amount of 
DTT (i.e., 10 mol %) were less cross-linked because smaller quantities of free thiols were 
allowed to react with disulfide groups or thiol groups in other chains, eventually leading to 
large, yet loosely cross-linked NGs. Transmission electron microscopy (TEM) micrographs 
further supported that these NGs possessed a spherical morphology with a particle size in 
accordance with the AFM results. In parallel, DLS studies indicated that the hydrodynamic 
diameters (Dh) of NGs obtained from P(G10-co-SSG12) copolymers treated with various 
concentrations of DTT were significantly changed from the pristine polymers (Figure 3). For 
example, the Dh of NGs prepared by treatment with 10, 20, and 50 mol % DTT were 249 ± 71, 
203 ± 52, and 79 ± 21 nm, respectively. Interestingly, the Dh of pristine P(G10-co-SSG12) 
copolymer itself indicated a Dh of only 2 nm, clearly demonstrating the absence of self-
aggregation of the initial polymers without the introduction of reducing chemicals. The average 
Dh values (obtained using DLS) of the NGs were slightly larger than those observed by AFM 
and TEM, which can be attributed to the swelling of the NGs in water (Table 2). We also 
monitored the size tunability of NGs upon changes in the concentration of the initial polymer 
solution; for example, when the concentration was doubled to 100 mg/mL, the Dh of NG4 
increased considerably from 79 ± 21 nm to 585 ± 102 nm. 
 
 
71 
 
 
 
 
 
 
 
Figure 2. (a) Scheme for the synthesis of size-controllable PSSG nanogels with different 
amounts of DTT. (b) Representative AFM images of nanogels (NGs) prepared from PSSG30 
homopolymer (polymer 2) and P(G10-co-SSG12) copolymer (polymer 3) with 10 and 50 mol % 
of DTT.  
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Table 2. Characterization data of nanogels prepared in this study. 
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Figure 3. Hydrodynamic diameter (Dh) of NGs prepared from P(G10-co-SSG12) copolymer 
(polymer 3) with varying degrees of DTT treatment. Note that the Dh of the initial P(G10-co-
SSG12) copolymer (green) is determined to be only 2 nm. 
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3.3. Release kinetics of therapeutics from NGs 
To investigate the stability of the NGs, we characterized the encapsulation efficiency using 
the hydrophobic Nile red stain as a model therapeutic payload. Because of the limited aqueous 
solubility of Nile red, we used acetone as a co-solvent during the formation of the NGs and 
simultaneous loading of Nile red. The relative encapsulation efficiency of Nile red is 
considerably different between the NGs. For example, NG2 retained a significantly higher 
loading of approximately 8 times than that of NG1, albeit with smaller dimensions, as 
determined by AFM and DLS. Similarly, NG4 displayed a 12 times higher loading capacity of 
Nile red per unit volume than NG3. Thus, loading capacity depends on cross-linking density. 
This result again highlights the high tunability of our NGs in terms of loading capacity with 
the facile treatment of a reducing chemical reagent. Furthermore, we investigated the release 
of Nile red encapsulated within NGs. As shown in Figure 4, large and loosely cross-linked NG1 
and NG3 both demonstrated more rapid release, while small and densely cross-linked NG2 and 
NG4 displayed a slower release over time. This observation clearly suggests that the cross-
linking density is responsible for controlling the rate of payload release from the NGs. Another 
interesting feature of the redox-responsive NG system is that it can further release the internal 
payload in response to additional reducing stimuli. Because the NGs are still cross-linked by 
disulfide bonds, Nile red can be further released upon treatment with DTT as an active delivery 
mode. As such, when we introduced additional DTT at a designated time point, we could 
observe the enhanced release kinetics. For example, the relative release percentages of Nile red 
from NG1 and NG2 for 12 h are 43% and 32%, respectively, in the case of passive release. On 
the other hand, the relative release percentages from NG1 and NG2 are 82% and 84%, 
respectively, in the active release mode.  Consequently, the addition of DTT to stable NGs 
containing active therapeutic agents can facilitate more rapid release than that of the NGs alone. 
Taken together, we argue that redox-degradable NGs can be beneficial in achieving active 
therapeutic delivery with a wide range of tunability in their size and controllable release 
kinetics, which can potentially be applied in response to the higher reducing environments 
inside the cytoplasm. 
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Figure 4. Release profile of Nile red from NGs with different cross-linking densities. Note that 
the shaded time points represent treatment of the Nile red-loaded NGs with additional DTT for 
an active delivery mode. 
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3.4. In vitro cell viability and CLSM images 
Encouraged by the successful synthesis and control over the release kinetics of the model 
therapeutic from the nanogels, we evaluated their cytotoxicity to investigate their potential in 
biomedical settings. The in vitro cytotoxicity of each NG was assessed via the MTT assay using 
WI-38 (human diploid cells) and HeLa (human epithelial carcinoma cells) cell lines as models 
of normal and cancer cells, respectively. The cell viability of each cell line treated with the 
polymeric nanogels was greater than 80%, even up to a concentration of 1000 μg/mL, which 
is beyond the common concentration ranges usually tested. These results indicate that all NGs 
are highly biocompatible and non-toxic to both cell lines. Moreover, in vitro efficacy for the 
intracellular delivery of the active therapeutic agent from Dox-loaded NGs was investigated by 
a cell viability assay using a human cervical cancer HeLa cell line. As shown in Figure 5a, the 
Dox-loaded NG4 nanogels induced significant cytotoxicity in HeLa cells, while virtually no 
toxicity was observed from NG4 over the entire concentration range tested. The concentration 
at which the cell viability decreased to 50% using Dox/NG4 was estimated to be approximately 
0.04 μM of Dox as determined from HPLC. This value is found to be higher than the reported 
IC50 of Dox (~0.015 μM).36 The cellular uptake efficiency of Dox-loaded NG4 was further 
studied by confocal laser scanning microscopy (CLSM) (Figure 5b). The encapsulated Dox 
was slowly released when the Dox-loaded NG4 was delivered at the cell cytoplasm, which 
spread to all parts of the cytoplasm within 6 h. After 24 h, it was found inside the nucleus and 
several pores were generated by cellular apoptosis induced by the effective delivery of Dox. It 
was observed that the Dox-loaded NG4 was located within the endosomal vesicles, releasing 
Dox in a controlled manner. 
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Figure 5. (a) In vitro cell viability assay of plain NG4 (black) and Dox-loaded NG4 (red). (b) 
CLSM images of HeLa cells incubated with Dox-loaded NG4 for 6 h (top panel) and 24 h 
(bottom panel). Each channel corresponds to the fluorescence of DAPI for cell nucleus and 
Dox for drug delivery. Scale bar is 20 μm. 
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3.5. Co-delivery efficacy of the drug loaded NGs in vitro 
Combination therapies are of special interest and provide a high potential for increased 
efficacy through synergistic interplay between therapeutics.37-40 Simultaneous delivery of 
proteins and small molecular drugs is a compelling strategy that has been employed in cancer 
therapy and immunotherapy.41 One key challenge in the co-delivery of active therapeutic 
agents is the distinct physicochemical properties required for each component, particularly for 
hydrophobic and hydrophilic components, such as in the delivery of hydrophobic small 
molecules along with large hydrophilic proteins. We hypothesize in this study that concurrent 
delivery of enzyme and active drug is indeed feasible with redox-responsive NGs. As a proof-
of-concept, we employed the β-galactosidase functionalized with fluorescein (FITC-β-gal) as 
a hydrophilic protein and Dox as a hydrophobic small therapeutic encapsulated within the NG4 
(see the Experimental section for details). When the NG4 dual-loaded with Dox and FITC-β-
gal was incubated with HeLa cells for 12 h, Dox was transported into the cytosol and nucleus, 
while FITC-β-gal existed in the lysosome as shown in Figure 6a. As the NGs consist of 
bioreducible disulfide bonds, the release of the encapsulated protein and small molecule can 
be triggered upon exposure to glutathione (GSH), a biological cue present at higher 
concentration inside cells than in the extracellular environment. The co-localization of both 
Dox and FITC-β-gal was successfully confirmed by the overlay of each fluorescence color in 
the merged image, suggesting the effective intracellular delivery of NGs regardless of the size 
and types of payload. Based on the fluorescence intensity measurement, the amount of loaded 
FITC-β-gal was determined to be about 8.6 μg/mL at a concentration of 50 mg/mL of NG4. In 
addition, the Dh of NG4 loaded with both FITC-β-gal and Dox is larger than pure NG4 and 
NG4 loaded with only FITC-β-gal. Finally, we demonstrated that the protein activity is retained 
after internalization into the cells using the X-gal activity assay (Figure 6b). The HeLa cells 
incubated with NG4 loaded with β-gal exhibited a dark blue color because of the conversion 
of the 5-bromo-3-indoyl-β-D-galactopyranoside into a corresponding indigo derivative by β-
gal. In contrast, the control experiment revealed a weak blue color scattered inside the cells 
because of the presence of internal β-gal in the lysosome. Moreover, considering that the 
cellular membrane is not permeable to β-gal itself and that the hydrophobic dye is not soluble 
in water, these results confirmed the critical role of NGs in the concurrent delivery of a 
functional protein and a therapeutic agent inside the cells.  
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Figure 6. (a) CLSM images of HeLa cells incubated with NG4 loaded with both Dox and the 
FITC-labeled β-galactosidase (FITC-β-gal). Each channel corresponds to the red color of Dox, 
the green for FITC-β-gal, and the blue Hoechst stain in the cell nucleus. (b) X-gal activity assay 
of delivered β-gal into HeLa cells using NG4. Control samples of free cells and β-gal only. 
Note that the free cells indicate the X-gal activity due to the presence of internal β-gal in the 
lysosome. Scale bar is 10 μm. 
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4. Conclusion  
In summary, we developed a self-cross-linked hyperbranched polyglycerol nanogel using 
the thiol–disulfide exchange reaction based on a novel disulfide-containing polymer. The 
highly tunable nature of the size and cross-linking density of the resulting nanogel was 
controlled by the type of polymer (homo- or copolymer) and the amount of reducing agent, 
dithiothreitol, used in the preparation of the nanogels. In situ encapsulation of various 
therapeutic agents irrespective of hydrophilic and hydrophobic nature and molecular weight 
was accomplished with the intra- and inter-molecular thiol-disulfide exchange reaction and 
new disulfide bond formation within hyperbranched polymers. Their superior biocompatibility 
together with the controllable release of active therapeutic agents that are still functional inside 
cells show the applicability of nanogels in smart drug delivery systems. We anticipate that 
redox-responsive nanogels will provide a promising platform to mediate the delivery of a wide 
range of active therapeutics in a time-specific and stimulus-specific manner.  
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